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We utilize classical molecular dynamics to study the effects of intrinsic, interlayer friction between
graphene monolayers, as well as extrinsic attachment or clamping strength between graphene and a
model silicon substrate on the energy dissipation Q-factors of oscillating graphene nanoresonators.
Both interlayer friction and attachment effects are found to significantly degrade the graphene
Q-factors, with an increase in energy dissipation with increasing temperature, while both effects are
found to be strongly dependent on the strength of the van der Waals interactions, either between
adjacent layers of graphene or between graphene and the underlying substrate. © 2009 American
Institute of Physics. DOI: 10.1063/1.3099932
Since its discovery as the simplest two-dimensional
crystal structure,1 graphene has been primarily studied both
for its unusual physical properties2 and also for its potential
as the basic building block of future nanoelectromechanical
systems NEMS.3–5 Graphene is viewed as an ideal material
for NEMS-based sensing and detection applications due to
its combination of extremely low mass and exceptional me-
chanical properties, where the Young’s modulus of mono-
layer graphene was recently measured to be 1 TPa.6 How-
ever, one key issue limiting the applicability of graphene as a
sensing component is its extremely low quality Q-factor.
The Q-factors of a 20-nm-thick multilayer graphene sheet
were found to range from 100 to 1800 as the temperature
decreased from 300 to 50 K.3 Similarly low Q-factors be-
tween 2 and 30 were also observed by Garcia–Sanchez et al.7
for multilayer graphene sheets, while higher Q-factors with
values up to 4000 were recently reported using multilayer
graphene oxide films.5 A higher Q-factor is critical to NEMS
device performance and reliability as it implies less energy
dissipation per vibrational cycle, which enables the graphene
NEMS to extend its operational lifetime by performing near
optimal capacity for a longer period of time. Furthermore,
because the mass or force sensing resolution is inversely pro-
portional to Q,8,9 low Q-factors are viewed as the key limit-
ing factor to the development of ultrasmall, highly sensitive,
and reliable graphene-based NEMS.
The purpose of this letter is to quantify two critical loss
mechanisms on the Q-factors of graphene nanoresonators.
The first effect is extrinsic, that of clamping or attachment-
induced losses between graphene and the underlying silicon-
oxide approximated in the present work as a purely silicon
substrate. The second effect is intrinsic, that of interlayer
frictional damping between graphene monolayers. We ac-
complish this by performing classical molecular dynamics
MD simulations using an in-house MD code applied to
three different computational models. The first model M1
was a circular graphene monolayer with a diameter of 56.8
Å, which consisted of 979 carbon atoms. All atoms outside
a radius of 21.3 Å were fixed due to previous MD
calculations,10 which showed that spurious edge vibrational
modes are one of the key factors for the low Q-factors of
graphene sheets that have been observed experimentally.3,7,11
M1 constitutes the benchmark, idealized model for compari-
son with the other two models as interlayer friction and at-
tachment losses do not exist for this model.
The second model M2, which was used to study intrin-
sic interlayer frictional effects on energy dissipation, is a
double layer, or two monolayers of graphene. For this model,
each graphene monolayer had a diameter of 56.8 Å, for a
two-layer total of 1958 carbon atoms. We fixed all atoms of
the bottom graphene monolayer located outside a radius of
21.3 Å. The effect of doing so is that the effective sensing
diameter of the graphene double layer is exactly 42.6 Å,
which is identical to that of M1. The two graphene monolay-
ers interacted via van der Waals vdW forces through the
carbon-carbon Lennard-Jones LJ parameters of Girifalco
et al.12 Because M2 differs from M1 only by the presence of
the second graphene monolayer and thus introduces non-
bonded vdW interactions, it enables us to isolate the effects
of intrinsic, interlayer friction on the energy dissipation of
multilayer graphene nanoresonators.
The third and final computational model M3, as visu-
alized in Fig. 1, was that of a graphene monolayer on a
model silicon substrate. We did not consider a silicon-oxide
aElectronic mail: harold.park@colorado.edu.
FIG. 1. Color online Computational model for graphene monolayer blue
atoms on silicon substrate red atoms.
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substrate that has typically been utilized for graphene
NEMS3,7 as interatomic potential parameters for this system
were not found in the literature. The silicon substrate was
brick-shaped with dimensions 65.265.212.2 Å3, with
periodic boundary conditions in the x and y directions to
prevent the effects of free surfaces along those substrate di-
rections; in addition, the three bottom atomic layers of the
substrate were fixed. The 1917 atom silicon substrate also
had a circular hole of diameter 42.6 Å at its center, which is
identical to M1 and M2, and the atoms interacted via a Ter-
soff potential13 for silicon. The graphene monolayer overlay-
ing the silicon substrate had dimensions of 5756.1 Å2 for
a total of 1269 carbon atoms. The graphene monolayer had
dimensions smaller than that of the underlying silicon sub-
strate to prevent artificial interactions with the periodic
boundary conditions. M3 enables us to isolate the effects of
attachment strength on the extrinsic Q-factors by changing
M1 such that the graphene-silicon interactions are not ideal-
ized but instead are modeled by increasing the binding en-
ergy of the carbon-carbon LJ parameters12 by factors of 4
and 8.
We utilized the second generation Brenner potential14 for
all intralayer carbon-carbon interactions. For all models, an
initial thermal equilibration at a specified temperature within
a NVT ensemble was performed. Then, an initial velocity,
which was sinusoidal with respect to the radius of the
graphene sheets i.e., maximal at the center and decaying
sinusoidally toward the sheet edges, was added, which
caused the graphene to oscillate. The resulting oscillation of
the graphene was then studied within an NVE ensemble. We
note that the increment of kinetic energy due to the applied
velocity was only 0.03% of the total system potential energy
to ensure that nonlinear modes of vibration would not be
present.
The resulting Q-factors for all models as a function of
temperature are shown in Fig. 2. The idealized monolayer
result, corresponding to M1, is reproduced from Kim and
Park.10 As expected, the Q-factors for M1, which neglects
both interlayer friction and attachment losses, are the largest
for all temperatures, and that the Q-factor decays following a
1 /T relationship. More interesting are the double layer M2
and monolayer on silicon M3 results, which are the focus
of the present work. The monolayer on silicon results M3
are indicative of extrinsic damping. As can be seen, when the
attachment strength of graphene to silicon is eight times that
of the interlayer carbon-carbon interactions, the Q-factors of
graphene are reduced significantly as compared to monolayer
graphene, and degrade according to a 1 /T0.52 relationship.
Furthermore, for the case where the attachment strength of
graphene to silicon is only four times that of the interlayer
carbon-carbon interactions, the Q-factors are further reduced,
and degrade according to a 1 /T0.46 relationship. For example,
reducing the attachment strength by a factor of 2 lowered the
Q-factors by a factor of 4 at 300 K. These results strongly
indicate that the strength of the graphene-substrate bonding,
which is necessary to prevent the graphene monolayer from
translating with respect to the substrate, plays a critical role
in controlling the extrinsic Q-factors of graphene NEMS.
We also discuss the effects of interlayer friction for the
double layer graphene case M2. The Q-factors one fix in
Fig. 2 degrade according to a 1 /T0.32 relationship due to the
interlayer friction. The frictional losses in Fig. 2 exceed the
extrinsic attachment losses, assuming relatively strong
graphene-substrate bonding. We further find that most of this
energy loss is due to the relatively weak vdW bonding be-
tween the two graphene monolayers, which generates fric-
tion by enabling the top layer to translate with respect to the
constrained bottom layer; furthermore, the frictional effect
increases as expected with increasing temperature,15 which
further reduces the Q-factors. We determined this by con-
straining atoms in both graphene layers outside a radius of
21.6 Å. By constraining the motion of these atoms and thus
eliminating friction due to the translational motion of the top
layer, we show that the Q-factors two fix in Fig. 2 degrade
according to a 1 /T0.9 relationship, and that the Q-factors are
only minimally reduced as compared to the ideal monolayer
case M1. This demonstrates that the actual energy dissipa-
tion due to the interaction of multiple oscillating graphene
layers is quite small.
Interlayer frictional damping effects on multiwalled car-
bon nanotubes have previously been studied by other
researchers.16,17 Jiang et al.17 were able to increase the
Q-factors of multiwalled nanotubes by a factor of 6 at a
temperature of 8 K by increasing the vdW bonding force
between the nanotubes by a factor of 10 000. To directly
compare interlayer dissipation between multiwalled nano-
tubes and multilayer graphene, we also increased the vdW
bonding force between the two graphene layers by a factor of
1000 at 10 K an increase of 10 000 was too strong, causing
tearing of the top graphene monolayer. In doing so, we
found that the Q-factor increased from about 1100 to nearly
46 000 for an increase of more than 42 times, which suggests
that interlayer friction has a stronger effect on degrading the
Q-factors of multilayer graphene as compared to multiwalled
carbon nanotubes.
We finally compare our results to those obtained by
Seoanez et al.,15 who found theoretically that attachment
losses should be fairly small and independent of temperature,
leading to a Q-factor of about 200 000. Ohmic losses, Velcro
effect and losses due to two level systems TLSs were also
considered in that work. In the present work, we neglect
Ohmic losses as graphene NEMS have been actuated opti-
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FIG. 2. Color online Comparison of Q-factors for monolayer graphene
M1, double layer graphene M2, and graphene on top of a silicon sub-
strate M3.
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cally or electrostatically3,7 and not magnetomotively, while
the Velcro effect and TLS losses are neglected as they were
estimated to be insignificant for graphene NEMS.15
In contrast, the present results capture the fact that both
the extrinsic attachment/clamping losses and the intrinsic in-
terlayer frictional losses are losses that arise due to the qual-
ity or lack thereof of the vdW interactions, either between
adjacent layers of graphene or between graphene and an un-
derlying substrate. In both of these cases, because the quality
of vdW attachment strength is the issue, temperature is ex-
pected to be and is shown to be in the present work to have
a significant effect on the resulting energy dissipation. The
present results show conclusively that attachment losses are
temperature dependent, are strongly dependant upon the
vdW attachment strength between graphene and the silicon
substrate, and lead to Q’s that are much smaller 1000
than the predicted value of 200 000 at room temperature.15
In conclusion, it is not surprising that recent experiments
have reported low Q-factors for graphene NEMS. Both ex-
trinsic attachment effects and interlayer friction were found
in the present work to independently cause significant deg-
radation of the Q-factors, with both effects enhanced with
increasing temperature. The room temperature Q-factor due
to extrinsic losses was found to be about 1000, while the
room temperature Q-factor due to interlayer friction was
found to be even lower, around 400. We note that we did not
account for extrinsic gas damping effects. Even without this
effect, our room temperature Q’s are comparable to previous
experimental results,3,5,7 who found Q’s that ranged from
about 10 to 4000. The present results indicate that external
approaches to enhance the Q-factors of graphene are very
much needed for graphene to reach its potential for resonant
sensing-based NEMS applications.
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